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Abstract 
High performance mountain bike frames nowadays are commonly built of carbon composites (CFRP), because of 
their excellent material properties allowing very high stiffness and strength at low weights.  
But this material has also disadvantages as it is sensitive to transversal impact loads. Impacts damage the material 
inside and can therefor affect the structural safety. As impact damages are often barely visible from the outside, they 
are very critical for structural parts like bike frames. 
A mountain bike frame suffers from different types of impacts like crashes and stone impacts. In order to evaluate the 
effect on structural integrity, the occurring impact energies have to be known. This paper describes a method for 
quantifying the impact load levels of stone impacts in order to evaluate the effect on the structural safety. Therefor 
the down tube of a mountain bike is shot using a high speed camera Casio Exilim EX FC 100 during biking. Impact 
events are identified in the videos and the impact energy is assessed, analyzing the stone geometry and its speed. 
Therefor a correlation between the two dimensional images of the stones and its mass was developed in an empiric 
approach. 
Using the above mentioned method, relevant impact energy levels and their frequency of occurrence are investigated.  
© 2012 Published by Elsevier Ltd. 
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1. Introduction 
Because of their superior material properties compared to metallic materials, carbon composite 
materials (CFRP) have been established in high end mountain bike frames in the past years. CFRP’s 
combine high stiffness and strength at low weights, what makes them suitable for the use in lightweight 
structures.
But CFRP has also disadvantages concerning its impact resistance. The material is very sensitive to 
transversal impact loads, which lead to damages inside the material and can therefore affect the structures 
safety.
Fig. 1. Setup for field measurements with lever arm and high speed camera 
Due to the fact, that defects are often barely visible with only little damage on the surface, impact 
damages are very critical for structural parts. In most cases, the structure shows only small cracks on the 
surface while the laminate inside is damaged through matrix cracks and delaminations [1], that is the 
debonding between adjacent layers. For these so called barely visible impact damages (BVID) the user 
has no possibility to evaluate the amount of damage and to draw conclusions on the residual strength after 
an impact. Delaminations are of most concern since they significantly reduce the strength of the laminate 
[3]. Previous investigations [2] showed that static residual compressive strength of carbon tube structures 
degrades dramatically even at small impact energies. As the size of delaminations linearly increases with 
the kinetic energy of the impactor [3], this is the relevant parameter in order to evaluate the impact 
problematic. 
Mountain bike frames are exposed to multiple impact loads in field, like crashes and impacts from 
stones on the down tube. To assure safe products it is therefore important to know about the occurring 
load levels and their frequency of occurrence in order to account for the impact problematic in the 
development process.  
This investigation focuses on the determination of impact loads from stone impact in field tests. A 
direct measurement of impact energy and the velocity of striking stones is difficult for several reasons. 
This paper describes a method using high speed video analysis.  
2. Methods 
The idea is to shoot the down tube of a bike frame with a camera during riding the bike. Therefor a 
high speed camera CASIO EXILIM EX FC 100 with a frame rate of 210 fps was chosen. The camera was 
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positioned in the front down tube of the bike with the help of a special lever arm. The lever arm was 
rigidly clamped at the steering head of the bike frame. The camera could be adjusted with a spherical 
head in direction and angle, in order to focus on the crucial area of the down tube. The setup is shown in 
figure 1. To maximize the contrast of passing stones to the background, a black velvet is applied.  
For evaluation, impact events are identified within the videos and automatically analyzed on a PC 
using Image Processing Toolbox of  Matlab. 
Fig. 2. Camera sight with flying stone and schematic example of  image processing in Matlab 
The first step of the analysis is manually cutting the videos in short sequences containing only one 
single impact event. The color is changed to black and white and the contrast is maximized. Consequently 
stones appear bright white in contrast to the black background. The algorithm scans the videos for white 
pixels frame by frame and identifies them as stones.  
In an empiric approach we found a correlation between the two dimensional properties of the video 
frames and the volume of the stones. To calculate the volume the longest diagonal D and the longest 
orthogonal diagonal d (fig. 2) are calculated as well as the cross sectional area of the stone (A). From these 
parameters the volume is calculated according to 
(1)
In pretests, the volume of a number of stones with different geometries was determined in an expulsion 
experiment. Additionally the stones were analyzed by video analysis. A comparison of the measured 
values to those determined from video analysis showed a maximum relative error of ±20 %. 
From the volume of the stones the mass was calculated according to 
Vm U (2)
where ȡ is the mean density of the stones. The mean density has to be determined according to the 
predominant subsoil of the test tracks.  
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Additionally the velocity v is calculated. 
(3)
ǻx is the displacement of the center of area of the stones between two frames and ǻt is the time span 
between two frames depending on the framerate. 
The kinetic energy of the stones is then  
(4)
The test rides for field testing were located at different locations to cover various subsoils with 
different stone types and sizes. The test bike was equipped with a pair of Schwalbe Nobby Nic 2,25 tyres. 
The velocity of the test runs reached from 5 to 30 km/h. 
Fig. 3. Mass and velocity of the analyzed stones from field testing 
3. Results 
A total of 5 runs have been carried out resulting in 120 single impact events. Figure 3 shows the results 
for mass and velocity of the stones. The average mass of the striking stones was 1.8 g. The heaviest stone 
was 9 g.  
The maximum energy level determined in the test rides is merely 0.2 J from a 6.3 g heavy stone at a 
speed of nearly 30 km/h. The energy level doesn´t exceed 0.05 J in 91 % of the events and the average 
energy level is 0.02 J. Figure 4 shows the frequency of occurrence of the different energy levels. 
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Fig. 4. Frequency of occurring energy levels 
Additionally to the impact energy, the location of the impacts was analyzed. Therefor the down tube of 
the bike was subdivided in ten sectors and the frequency of hits was analyzed, as Figure 5 shows. Most 
impacts occur in a corridor between 27° and 52° to the horizontal from the ground contact point of the 
wheel. That marks the first two thirds of the down tube near the bottom bracket, as in the last third almost 
no impacts were recognized. If we analyze the impact energy dependent on the impact location, a trend to 
higher energies in the area of the bottom bracket is obvious. 
Fig. 5. Distribution of the impacts on the down tube of the bike
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4. Discussion 
For an impact resistant design, the maximum impact energy is more important than the energy 
distribution, as one single event can cause relevant damage. The results from the field tests show merely a 
small maximum energy level of 0.2 J from the analyzed impacts. But for several reasons the realistic 
maximum energy level is supposed to be higher. 
First, the number of test runs and the variety of different subsoil is small and therefore the generality of 
the results is limited. In order to account for this uncertainty an adequate safety factor on the maximum 
energy level should be considered. Another reason for underestimation of the energy level is that the 
maximum speed of the test runs did not exceed 30 km/h, while in downhill biking maximum speeds of up 
to 60 km/h and more are possible. In order to conclude on higher speeds the energy levels are 
extrapolated based on the average and maximum mass of the analyzed stones. The estimation of the 
energies for higher velocities is shown in table 1.  
Table 1. Estimation of impact energy from stone impact 
Impact Velocity 20 km/h 40 km/h 60 km/h 
average mass: 1,8 g 0,028 J 0,11 J 0,25 J 
max. mass: 9 g 0,14 J 0,56 J 1,25 J 
Based on this estimation and consideration of an additional safety factor, the authors believe that 1.5 J is a 
reasonable maximum energy level for consideration of stone impact on the down tube of a mountain bike. 
In our opinion the bottom side of a mountain bike down tube should be able to resist this energy threshold 
without critical damage in order to assure structural integrity. If the pure structure is not able to take this 
energy level, additional safeguard equipment could be thought of in order to protect the structure from 
failure. 
This paper shows a suitable approach for analyzing impact loads occurring from stones hitting the 
down tube. The procedure is a good compromise between accuracy and efforts. Field tests were carried 
out, in order to make realistic estimation of the impact loads, their frequency of occurrence and the 
predominant target location. The results are a base for impact resistant design of a mountain bike down 
tube, although additional field tests should be carried out in order to confirm the results. Furthermore 
additional impact situations have to be concerned, like e. g. crashes. 
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